Background and aim: Carnitine deficiency is common and associated with muscle atrophy in hemodialysis (HD) patients. We investigated whether carnitine levels could be an independent predictor for exercise capacity in these patients. Method: A total of 37 patients (mean age, 55.9 ± 13.4 years) who underwent HD three times a week were enrolled in this study. Carnitine fraction levels were measured by the enzyme cycling method. Univariate and multiple stepwise regression analyses were performed to determine the correlation between free carnitine levels and the value of exercise capacity examined by the time-up-and-go test (TUG), knee extension strength, functional reach test (FRT), and 10-m walk test, and thigh and calf circumferences as markers of muscle mass. Results: Serum free carnitine levels were significantly decreased in HD patients. Free carnitine levels were associated with TUG (inversely; r 2 = 0.120, P = 0.035), knee extension strength (r 2 = 0.129, P = 0.029), FRT (r 2 = 0.246, P = 0.002), and the 10-m walk test (inversely; r 2 = 0.149, P = 0.018). Multiple stepwise regression analysis revealed that free carnitine was an independent predictor for FRT (β = 0.369, P < 0.001). There was no correlation between free carnitine levels and thigh and calf circumferences. Conclusion: Low serum free carnitine levels were associated with decreased exercise capacity in HD patients, suggesting that carnitine deficiency may be a promising therapeutic target for HD-associated muscle weakness in HD patients. This study was retrospectively registered.
Introduction
Disturbances in exercise activity and frailty are common features of hemodialysis (HD) patients. Approximately 52.6% and 21.4% of HD patients were categorized as pre-frailty and frailty, respectively, in Japan [1] . A large number of studies have indicated that decreased exercise activity is associated with derangements in activities of daily living (ADL) and quality of life (QOL) in patients with end-stage renal disease (ESRD). Further, physical inactivity also has been shown to increase the risk of cardiovascular disease (CVD) and could be associated with all-cause and CVD mortality in chronic kidney disease patients [2] . Although several factors, such as malnutrition, inflammation, and anemia have been proposed to contribute to the progression of physical inactivity [3] , the precise underlying mechanism of frailty in ESRD patients is not fully understood. Therefore, identification of a novel therapeutic target that could link decreased exercise capacity to HD-associated complications is needed urgently to prevent progression of CVD and improve ADL and QOL in HD patients.
Carnitine is a natural substance that is supplied through the intake of protein-rich foods and synthesized by several organs, such as the liver, kidney, and brain in humans [4, 5] . Carnitine has a pivotal role for fatty acid β-oxidation and energy production by transporting long-chain fatty acids from the cytoplasm to mitochondria [5] . We, along with others, have reported that serum carnitine levels were significantly decreased in HD patients because 60-80% of serum carnitine is eliminated from the blood via HD [6, 7] . Since carnitine depletion reportedly has been associated with decreased soleus muscle weight in a rat model of carnitine deficiency [8] , carnitine deficiency may be a causative factor for HD-related exercise inactivity in ESRD patients.
However, which anthropometric, metabolic, and clinical variables, including serum free carnitine, are independently correlated with low exercise capacity in these patients remains unclear. Therefore, we examined whether carnitine deficiency was associated with exercise inactivity in HD subjects.
Methods

Patients
A complete history, physical examination, and blood chemistry studies were performed in 37 patients (mean age, 55.9 ± 13.4 years; mean duration of HD, 153 ± 67 months) undergoing chronic HD. Patients were dialyzed for 4-5 h with high-flux dialyzers three times a week.
Data collection
The medical history was ascertained by a questionnaire. Vigorous physical activity and smoking were avoided for at least 30 min before blood pressure measurement.
Blood was drawn from an arteriovenous shunt just before starting the HD sessions to determine hemoglobin, serum albumin, aspartate transaminase, alanine aminotransferase, blood urea nitrogen, creatinine (Cr), uric acid, calcium, phosphate, lipids (total cholesterol, highand low-density lipoprotein cholesterol, and triglycerides), and C-reactive protein. Whole parathyroid hormone was evaluated by an immunoradiometric assay (Allegro I-PTH; Nichols Institute, San Juan Capistrano, CA, USA). Serum carnitine fraction levels were determined as described previously [9] . N-terminal pro-B-type natriuretic peptide (NT-pro BNP) was measured by electro-chemiluminescence immunoassay (SRL, Inc., Tokyo Japan).
Evaluation of physical activity and capacity
Physical activity and capacity were evaluated by measurement of the time-up-and-go test (TUG), knee extension strength, functional reach test (FRT), 10-m walk test, and thigh and calf circumferences as described previously [10] . All exercise capacities were independently measured once at a day between dialysis sessions by the expert physical therapists at the Division of Rehabilitation, Kurume University Hospital. 
Statistical analysis
Data are presented as mean ± standard deviation. To determine the association between exercise capacity and anthropometric parameters, including serum free carnitine, univariate and multiple stepwise regression analyses were performed. Statistical significance was defined as P < 0.05. All statistical analyses were performed with the SPSS 19 system (SPSS, Inc., Chicago, IL, USA).
Results
Demographic data
Demographic data are shown in Table 1 . Free carnitine levels in HD patients were significantly lower than those in healthy controls (n = 21, mean age 57.0 ± 7.9 years old, free carnitine 48.7 ± 10.1 μmol/l, P < 0.001 vs HD patients).
Correlation with exercise capacity
Univariate regression analysis revealed that TUG (inversely, r 2 = 0.120, P = 0.035, Tables 2, 3 , 4, and 5, respectively). There was no significant correlation between circumference of thigh (P = 0.355) and calf (P = 0.395) and free carnitine levels. The knee extension strength, but not other exercise activities, was stronger in men than in women by univariate analysis (β = − 0.530, P = 0.01).
Multiple stepwise regression analysis showed that free carnitine (β = 0.369, P < 0.001) and serum Cr (β = 0.385, P < 0.001) were independent correlates of FRT (r 2 = 0.246, Table 4 ), whereas free carnitine was not an independent determinant of TUG, knee extension strength, and the 10-m walk test (Tables 2, 3 , and 5, respectively). Serum Cr was an independent determinant of these exercise capacities in HD patients (Tables 2, 3 , 4, and 5). Further, NT-pro BNP was an independent correlate of the 10-m walk test in these patients (Table 5 ).
Discussion
We demonstrated that serum free carnitine levels were decreased in HD patients, low free carnitine levels were significantly correlated with decreased exercise activity except for thigh and calf circumferences in HD patients, and serum free carnitine was an independent determinant of FRT in HD patients.
Free carnitine levels were decreased in our HD patients. Carnitine is not synthesized in skeletal muscle; therefore, circulating free carnitine is the only source of free carnitine levels in skeletal muscles. Indeed, Savia et al. [11] reported that free carnitine levels in skeletal muscles are significantly decreased in HD patients and that a significant positive correlation of free carnitine values between plasma and skeletal muscle is found in these subjects. Therefore, although we did not measure free carnitine levels in skeletal muscle, decreased A B C D circulating free carnitine levels could reflect the deficiency of free carnitine values in the skeletal muscle in our patients. Although several factors, such as insulin resistance, abnormal protein metabolism, and uremic toxins, have been involved in the loss of skeletal muscle mass in HD patients [12, 13] , several reports suggest that muscle atrophy is attributed to carnitine deficiency in HD patients [14, 15] . Given our findings that serum carnitine was an independent correlate of FRT, low carnitine levels may be directly and/or indirectly associated with exercise inactivity in these patients. Serum Cr has been reported to be strongly correlated with muscle mass and exercise capacity [16, 17] . In our study, serum Cr was associated positively with serum free carnitine levels (r 2 = 0.107, P < 0.05), so this correlation might explain why carnitine was not an independent determinant of exercise capacity except for FRT. Serum Cr might reflect large skeletal muscle rather than free carnitine, so free carnitine could not overcome serum Cr in regard to the correlation with exercise capacity. FRT, a well-recognized method to identify elderly subjects at risk of recurrent falls, not only is a marker of exercise activity, but it also reflects balance performance of the body by using triceps muscle of calf [18] . These findings suggest that carnitine deficiency might aggravate a balance performance, which is a main reason for fall fracture occurring in HD patients. L-carnitine supplementation could prevent muscle wasting in animals with cancer cachexia [19] . In addition, types I and IIa skeletal muscles are more atrophic than type IIb skeletal muscle in HD patients, and L-carnitine supplementation improved the rate of atrophic muscle fiber in types I and IIa muscles, whose energy is supplied by β-oxidation in HD patients [14] . Further, since oral L-carnitine supplementation has been reported to have some beneficial effects on the physical capacity in HD patients [20] , although ours was a cross-sectional β standardized regression coefficients, SE standard error. r 2 = 0.443 TUG time-up-and-go test, BMI body mass index, AST aspartate transaminase, ALT alanine amino transferase, BUN blood urea nitrogen, HD hemodialysis, Cr creatinine, Ca calcium, Total chol total cholesterol, HDL-chol high-density lipoprotein cholesterol, LDL-chol low-density lipoprotein cholesterol, CRP C-reactive protein, Whole PTH whole parathyroid hormone, NT-pro BNP N-terminal pro B-type natriuretic peptide, β standardized regression coefficients, SE standard error. r 2 = 0.506 BMI body mass index, HD hemodialysis, ALT alanine amino transferase, AST aspartate transaminase, Cr creatinine, Ca calcium, HDL-chol high-density lipoprotein cholesterol, LDL-chol low-density lipoprotein cholesterol, CRP C-reactive protein, Whole PTH whole parathyroid hormone, NT-pro BNP N-terminal pro B-type natriuretic peptide study and, therefore, did not elucidate the causal relationships between low carnitine and exercise inactivity, decreased carnitine levels may predict the exercise inactivity in HD patients.
Although thigh and calf circumference has been reported to reflect whole muscle mass in type 2 diabetic subjects [21] , there was no correlation between thigh and calf circumference and serum free carnitine levels in our subjects. Serum Cr also did not show any correlation with thigh and calf circumference (P = 0.230, P = 0.175, respectively). It has been suggested that not only skeletal muscle mass but also water and fat contents, which are reduced in HD patients, might affect thigh and calf circumference. Further, muscle quality rather than muscle quantity is thought to be important for exercise activity [22] . Therefore, serum carnitine levels in our study may have reflected muscle quality in HD patients.
NT-pro BNP levels were significantly associated with TUG and the 10-m walk test, but not with knee extension strength and FRT in our HD patients. Although NT-pro BNP has been known to increase in patients with ESRD due to decreased renal excretion, NT-pro BNP might be an important marker of exercise capacity of walking in HD patients.
Several limitations of this study bear mention. First, our study was limited by a small sample size. Second, the study was cross-sectional and could not assess the questions of whether deficient serum carnitine level was a cause or consequence of the decreased exercise activity.
In conclusion, our study suggested that low carnitine levels are associated with decreased exercise activity in HD patients and that carnitine deficiency may be a promising therapeutic target for HD-associated muscle weakness in HD patients. β Standardized regression coefficients, SE standard error. r 2 = 0.149 BMI body mass index, HD hemodialysis, AST aspartate transaminase, ALT alanine amino transferase, BUN blood urea nitrogen, Cr creatinine, Ca calcium, Total chol total cholesterol, HDL-chol high-density lipoprotein cholesterol, LDL-chol low-density lipoprotein cholesterol, CRP C-reactive protein, Whole PTH whole parathyroid hormone, NT-pro BNP N-terminal pro B-type natriuretic peptide
